US011490986B2

a2 United States Patent
BEn-Yishai

US 11,490,986 B2
Nov. 8, 2022

(10) Patent No.:
45) Date of Patent:

(54) SYSTEM AND METHOD FOR IMPROVED (56) References Cited
ELECTRONIC ASSISTED MEDICAL
PROCEDURES U.S. PATENT DOCUMENTS
. . 6,702,806 B2 3/2004 Gray et al.
(71)  Applicant: BE.YEONICS SURGICAL LTD., 6,837,892 B2*  1/2005 Shoham ................. A61B 34/72
(72) Inventor: Rani BEn-Yishai, Haifa (IL) (Continued)
(73) Assignee: BEYEONICS SURGICAL LTD., FOREIGN PATENT DOCUMENTS
Haifa (IL) AU 2016405856 9/2018
CN 103903249 7/2014
(*) Notice:  Subject to any disclaimer, the term of this (Continued)
patent is extended or adjusted under 35
US.C. 154(b) by 0 days. OTHER PUBLICATIONS
(21)  Appl. No.: 17/483,838 Machine Translation: CN 110032936 A (Year: 2013).*
. International Search Report dated Jan. 10, 2021 for corresponding
(22) Filed: Sep. 24, 2021 Application No. PCT/IL2020/051090.
(65) Prior Publication Data . .
Primary Examiner — Michelle M Entezari
US 2022/0008143 Al Jan. 13, 2022 (74) Attorney, Agent, or Firm — Pearl Cohen Zedek
Latzer Baratz LLP
Related U.S. Application Data atzer Baratz
(63) Continuation of application No. 57 ABSTRACT
PCT/IL2020/051090, filed on Oct. 11, 2020. 7)
(Continued) Methods and systems for displaying an image of a medical
rocedure (e.g., an intraoperative image) with additiona
proced o . perative imag ith additional
(51) Int. CL information (e.g., data) that can augment the image of the
AG61B 90/00 (2016.01) medical procedure are provided. Augmenting the image can
GO6T 7/73 (2017.01) include overlaying data from a first image to a second image.
(Continued) Over.laying Fhe d.ata can invqlve determining, fora pqint or
(52) US. CL mult%ple points in the ﬁ.rst image, a matchmg location or
CPC e AGIB 90/37 (2016.02); A61B 3/14 ~ Multiple matching locations in a second image. The first
(2013.01); A61B 34/20 (2016.02); A6IB 34/25 image anq the secqnd image can be ofa patient. .Determmmg
(2016.02); the matching location can involve using a rotation and scale
(Continued) ’ invariant geometrical relationship. The matching locations
(58) Field of Classification Search can be used as the basis for the overlay.

None
See application file for complete search history.

Reference image

12 Claims, 14 Drawing Sheets

Target image




US 11,490,986 B2
Page 2

Related U.S. Application Data
(60) Provisional application No. 62/914,003, filed on Oct.

11, 2019.
(51) Int. CL
GO6T 3/40 (2006.01)
GO6T 3/60 (2006.01)
A61B 34720 (2016.01)
A61B 34/00 (2016.01)
GO6V 10/44 (2022.01)
A61B 3/14 (2006.01)
(52) US. CL
CPC ..o GO6T 3/40 (2013.01); GO6T 3/602
(2013.01); Go6T 7/73 (2017.01); GO6V 10/443
(2022.01); A61B 2034/2065 (2016.02); GO6T
2207/30041 (2013.01)
(56) References Cited
U.S. PATENT DOCUMENTS
6,866,661 B2 3/2005 Gray et al.
6,929,638 B2 8/2005 Gray et al.
7,784,947 B2 8/2010 Perez et al.
7,905,887 B2 3/2011 Moeller et al.
7,934,833 B2 5/2011 Leblanc et al.
8,048,065 B2  11/2011 Green et al.
8,414,123 B2 4/2013 Boukhny et al.
8,486,085 B2 7/2013 Moeller et al.
8,591,030 B2  11/2013 Grecu et al.
8,708,488 B2 4/2014 Kraus et al.
8,784,443 B2 7/2014 Tripathi
9,149,340 B2  10/2015 Boukhny et al.
9,173,717 B2 11/2015 Tripathi
9,189,849 B2  11/2015 Kersting et al.
9,226,798 B2 1/2016 Tripathi et al.
9,295,380 B2 3/2016 Kersting et al.
9,414,961 B2 8/2016 Tripathi
9,462,944 B2  10/2016 Moeller et al.
9,560,959 Bl 2/2017 Hopkins et al.
9,655,775 B2 5/2017 Boukhny et al.
9,717,405 B2 8/2017 Ren et al.
9,844,319 B2  12/2017 Papac et al.

B2
B2
B2
B2
B2
B2 *
B2
Al*

10,073,515
10,117,721
10,213,104
10,238,538
10,368,948
10,398,300
10,460,457
2005/0119642

2006/0094951 Al*

2009/0177081 Al*

2010/0094262
2010/0177208

Al
Al*

2011/0122365
2014/0073907

Al
Al*

2015/0051725 Al*

2015/0077528 Al*
2016/0051360
2016/0113727
2016/0189002

Al
Al
Al*

2016/0346047
2017/0189233
2017/0249737
2018/0008460
2019/0069971
2019/0120619
2019/0142359

Al
Al*
Al
Al*
Al
Al*
Al*

2021/0074004
2021/0074054
2021/0192759

Al*
Al*
Al*

9/2018
11/2018
2/2019
3/2019
8/2019
9/2019
10/2019
6/2005

5/2006

7/2009

4/2010
7/2010

5/2011
3/2014

2/2015

3/2015

2/2016
4/2016
6/2016

12/2016
7/2017
82017
1/2018
3/2019
4/2019
5/2019

3/2021
3/2021
6/2021

Awdeh
Tripathi et al.
Grecu et al.
Boukhny et al.
Tripathi
Levis v AG61F 9/0017
Heeren
Grecu ....coeevennn. AG61F 9/00804
606/5
Dean ....cceevvvvvnnnne GO6T 17/10
600/407
JoskOWicZ .....con. A61B 90/36
606/130
Tripathi et al.
Tamaru ................ HO4N 5/2621
348/222.1
Kraus et al.
Kumar ............... A61B 10/0241
600/407
Lee i, GI16H 50/50
700/98
Awdeh .....oooovieiin. A61B 3/005
348/78
Tripathi et al.

Tripathi et al.
Kawakami ........... GO6V 10/757
382/218

Tripathi et al.
Dewey .cocoovvvvenene. A61B 3/103

Piron et al.

Tanzer ................. A61B 3/12

Tripathi et al.
Miura ....oooovnne. GO1B 21/04
Zhang ................ A61B 34/20
606/130
........................ GO6T 7/73
.... GO6T 11/00
A61B 34/10

FOREIGN PATENT DOCUMENTS

CN 104766323
CN 110032936 A
EP 2634749

* cited by examiner

*

7/2015
7/2019
9/2013



US 11,490,986 B2

Sheet 1 of 14

Nov. 8, 2022

U.S. Patent

L "Old

0ST
$1ut0d 240W JO U0 3y} UO

paseq a8ew pu03as Yl YUM PIBlBAC se uolzewdojut aduepind 3uidejdsiq

y

ot
a8ew puodss

ay1 03 adew 3541} 943} WO} sjulod 2I0W S0 BUO JO SUOLEIO| BUYIE
J

b

0gT
S8ewit puodas ay3 3UINBI3Y

b

741
RIEP PIAIDIAJ B3 UO paseq siujod aJowl Jo auo ‘Suiuiuislag

h

144
o8ewj pu02as e uo paAejdsip st 12yl ABISAC ue
se pajuasasdals aq ued jey) a8euwll 1S4 943 UM paleidosse eiep Sulalaay

y

01T
o8ewt 1544 & 3uiAlaoRYy




US 11,490,986 B2

Sheet 2 of 14

Nov. 8, 2022

U.S. Patent

AR]E

09¢ sieen 101

0l uonejusiio
B UOIIBO0|
101 pauiseq

/

.

L

.,

0€z 101

™ 0GZ 9he

obew| saesadoeny) 0zZZ

20iAe(q Aeldsi(

\
S 002




US 11,490,986 B2

Sheet 3 of 14

Nov. 8, 2022

U.S. Patent

Ve Old

oLE siaxsep 10!
€ SIMUEN 0 L0E 0!

! |

A
)

abew) onnesodoenu] ope

UOIIRIUSLIO R LIOIIED0|  UONRIUSLIO @ UOHEO0|
701 WaLng 101 paisaq

\\\\\\ e
Wk Py

abew saeladoald 0z

soineQ Aejdsig

|

// 00¢




US 11,490,986 B2

Sheet 4 of 14

Nov. 8, 2022

U.S. Patent

a¢ ‘old

abew aanesadoenu| ope

obew| aaneiadoaid 0Z¢

\
N oog




US 11,490,986 B2

Sheet 5 of 14

Nov. 8, 2022

U.S. Patent

o€ Old

N

~ N _

afew) eagesedornul OrS

abew| onewayds 09¢

// 00¢




US 11,490,986 B2

Sheet 6 of 14

Nov. 8, 2022

U.S. Patent

0avy
s -

Ovy

vy 'Ol

S




US 11,490,986 B2

Sheet 7 of 14

Nov. 8, 2022

U.S. Patent

e

AR

3
HE

SNRRRRa

o

N




US 11,490,986 B2

Sheet 8 of 14

Nov. 8, 2022

U.S. Patent

G OI4

0SS
juoned o Jo o8eun sanerodoenur ue pue d3ewr oAnRIddoaxd v JO 2u0 1SBI[ JB WOy

)

P3100[as o1k JFeWI PUOIAS S} pue IFLwL IS O} UIAISYM “XIUOA PIIY} 9Y} JO UOTILOO] O} U0 paseq a3ewur
1803 oy wl yurod o3 Jo 98B puodas YY) U UONRRIO] Fulydjew A ‘2d1A3p Sunndwod ay} eia ‘Furunuidiep

F N

0ve
X31I9A PIIY} B JO UONEBIO] & SUIP[AIA J[SueLs 1SIg oy s Ajue[iuns d[SueLy) sey o[SueLI) Puodds
3Y} Jey} yons pue ‘dFBUIl PUOIIS Y] WO Ik 18y s1ed 2mIed) 0M) oY) JO $oIedy Jurydojew
2AN0adsor o) JO Y283 JO SUOLEDO] oY) Ik J[FULL} PUOIIS O} JO SOXIIA O} JO 0M] B} yons
‘08ew1 pu0oaS 3 03 100dSOI YA J[FUBLY PUOIIS B ‘001Adp Funndwod 2y BIA ‘SummuioRp

A

0gs
oFeun 1s1y oy} ur jurod oy} Jo uoneoOo[ AN} pue 2F LW JSIY

oy 18y} yons ‘ofeun 1Sy 9yl 03 3102dsar yum o[duein Is1y B 901A0p Sunndwod oyl via ‘FuIUIuIdop

o) wioy 21k Jey) smed aImesy 0M} oY) JO SAIRIY 0M) ) JO SUONRIO] oY) aTe d[FueLy) ISIJ dY} JO SOXILIA

A

0TS
a8ewl PuOIS Oy WO 2L FUIYOIBW B pUE dFewl ISI1J dUf) WO} mied)

auo sosudwoo ed sinjesy yoro wozdym sired omieo) omi ao1asp Funndwoos oy) via ‘Fuiaooas

01s
oGewn 15113 oY1 Ul woneoo| B Sulaey jurod o3 ‘901a0p Sunndwios € viA ‘FuIAIodAL

)Y N (Y Y

|




U.S. Patent Nov. 8, 2022 Sheet 9 of 14 US 11,490,986 B2

Target Image

FIG. 6A

Reference Image




US 11,490,986 B2

Sheet 10 of 14

2022

9

Nov. 8

U.S. Patent

89 'Old

L
%

%
\\\
:

abew| jobie] afeul] 80UBIBIaY



US 11,490,986 B2

Sheet 11 of 14

Nov. 8, 2022

U.S. Patent

JAROIE

0T
sared a1medy Jo 19s oY) WOy
SUOIIE00] 2INJBd) U2aM3aq dIysuolejal [BOLIWIO0S JUBLIBAUL
[eUONIRJOI B PUR JUBLIBAUI J[BOS € JO QUO JSBI] JB U0 PIseq
sired a1mea Jo 10s 9y “201A9p Sunndwod oy Aq ‘SunidlLy

b

-~

.

01
oSewWI PUOIAS B WO UOTIBIO] A1NjBIJ Fulydlewl e pue da3ewl

1S1 B WO Uoned0] 91njed) auo sosudwod ared ainjeoj yoeo
uroym sared a1medJ 39S © 901A9p Sunnduwrod e Aq ‘Su1A10091




US 11,490,986 B2

Sheet 12 of 14

Nov. 8, 2022

U.S. Patent

- GLOUY

- DO

r BEBHOHT

- ODGODEY

- ODGO0PT

2

- PO

DEODT

- SUOEE

D000y

- GO

- PGE

V8 'Old




US 11,490,986 B2

Sheet 13 of 14

Nov. 8, 2022

U.S. Patent

6 Ol4

JOHUOW

00se

J0$S8201d

00¢e

Hun

—> | Buisseoosd

03apIn

002¢

He

e,
-,

000z

WwolsAs
eioWIR)

0012




US 11,490,986 B2

Sheet 14 of 14

Nov. 8, 2022

U.S. Patent

ocvl

445

0l 9I4

G
SEMIIE ¢ evl

S30IA3A

// 1NdLNo / 10dNI

3400 F1gvLNO3IX3

AHOWIN

N~
scvl

Gyl —]

W3LSAS

ONLLYH3dO

HITIOHLNOD

T~

GovlL

0ovi




US 11,490,986 B2

1
SYSTEM AND METHOD FOR IMPROVED
ELECTRONIC ASSISTED MEDICAL
PROCEDURES

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of PCT International
Application No. PCT/IL2020/051090, International Filing
Date Oct. 11, 2020, which claims the benefit of U.S.
Provisional Patent Application No. 62/914,003, filed Oct.
11, 2019, both are incorporated herein by reference in their
entireties.

FIELD OF THE INVENTION

The invention relates generally to the field of computer
assisted surgeries. In particular, the invention relates to
image guided surgeries.

BACKGROUND OF THE INVENTION

Currently, computing systems for assisted surgeries exist
(e.g., image guided surgical systems). Some current systems
include displays that can allow persons (e.g., medical pro-
fessionals, surgeons, nurses, and/or other persons) to view
medical data while a medical procedure (e.g., a surgery) is
performed. In some systems, a desired location for an object
with respect to the surgery can be displayed to a surgeon. In
some systems, an object image can be superimposed on
(e.g., overlaid with) an intraoperative image. For example,
during intraocular lens (IOL) placement.

In the case of IOL placement, some types of IOLs can
require that the IOL is positioned in a specific orientation
and/or location within a patient’s eye (e.g., toric 10OLs,
multifocal I0Ls). In current systems, a desired orientation
and/or location for the IOL with respect to a preoperative
image of an eye (e.g., an image of an eye taken prior to the
surgery) can be determined by, for example, various current
diagnostic devices. The preoperative image can be captured
by the diagnostic device concurrently with sampling the data
that is used for calculating the desired 1OL positioning
(orientation and/or location).

Typically, the position/condition of an eye during preop-
erative imaging is at least slightly different form the posi-
tion/condition of the same eye during the surgery. For
example, a patient may be sitting when the pre-operative
image is taken vs. lying down during the surgery. In another
example, the eye may have drops and/or tools inserted
during the surgery that are not present during the preopera-
tive imaging.

Differences in the position/condition of the eye at the time
preoperative imaging is done versus the time surgery is
performed can cause differences between information in the
imaging obtained in a preoperative imaging stage and infor-
mation obtained during imaging during the surgery (e.g., the
intraoperative imaging).

Some current systems can generate a list of feature pairs,
one in each of the preoperative image and the intraoperative
image, that are assumed to be identical, and use these feature
pairs to calculate a global mapping from preoperative image
to the intraoperative image. In mapping the pre-operative
image onto the intraoperative image, some prior systems use
shifts and/or rotations, and find a best fit. Current systems
that typically track and/or lock on images can also typically
require an orientation calculation, a shift calculation, and/or
an image correlation calculation also calculating a best fit,
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e.g., a single mathematical function to best fit. However,
there can be distortions in the images due to, for example,
liquid inserted into the eye and on the eye, tubes in the eye,
tools touching the eye, differences between imaging systems
for the pre-operative image and the real-time image, which
can cause a best fit to be erroneous.

While current systems may account for some difficulties
during surgery, accuracy of the information presented, ease
of use of the information presented, and/or timing of the
information presented can be improved. Therefore, it can be
desirable to improve electronically assisted surgical sys-
tems.

SUMMARY OF THE INVENTION

In one aspect, the invention involves a method for deter-
mining, for a point in a first image, a matching location in
a second image, the first image and the second image are of
a patient. The method involves (a) receiving, via a comput-
ing device, the point having a location in the first image, (b)
receiving, via the computing device, two feature pairs
wherein each feature pair comprises one feature location
from the first image and a matching feature location from the
second image, (¢) determining, via the computing device, a
first triangle with respect to the first image, such that the
vertexes of the first triangle are the locations of the two
features of the two feature pairs that are from the first image
and the location of the point in the first image, (d) deter-
mining, via the computing device, a second triangle with
respect to the second image, such that two of the vertexes of
the second triangle are the locations of each of the respective
matching features of the two feature pairs that are from the
second image, and such that the second triangle has triangle
similarity with the first triangle, yielding a location of a third
vertex, and (e) determining, via the computing device, the
matching location in the second image of the point in the
first image based on the location of the third vertex, wherein
the first image and the second image are selected from at
least one of a preoperative image and an intraoperative
image of the patient.

In some embodiments, the two feature pairs are selected
from a set of feature pairs. In some embodiments, the two
feature pairs are selected based on distance of the two
features of the two feature pairs that are from the first image
to the point. In some embodiments, an order of the vertices
in the second triangle proceeding clockwise is the same as
the order of the respective matching vertices in the first
triangle proceeding clockwise.

In some embodiments, each vertex angle in the second
triangle is equal to the vertex angle of its respective match-
ing vertex in the first triangle. In some embodiments, the
images of the patient are images of an eye of the patient. In
some embodiments, the images are of an exterior eye and the
feature locations are in the limbus area of the eye in the
images. In some embodiments, the images are of the retina
of the eye.

In some embodiments, the method involves repeating the
method of claim 1 for each of multiple points, wherein the
multiple points are generated from guidance information
that is to be overlaid on the second image and wherein the
two feature pairs are updated for each of the multiple points.

In some embodiments, the method involves repeating
steps (b) through (d) for each of a plurality of feature pairs
to determine a plurality of corresponding third vertex loca-
tions, calculating an averaged third vertex location, ad
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determining the matching location in the second image of
the point in the first image based on the averaged third vertex
location.

In some embodiments, the method also involves in step
(e), setting the location of the third vertex as the matching
location in the second image of the point in the first image.
In some embodiments, the method also involves setting the
averaged third vertex location as the matching location in
the second image of the point in the first image.

In another aspect, the invention involves a method for
determining, for a point in a first image, a matching location
in a second image, the first image and the second image are
of'a patient. The method involves receiving, via a computing
device, the point having a location in the first image. The
method also involves receiving, via the computing device, at
least two feature pairs wherein each feature pair comprises
one feature location from the first image and a matching
feature location from the second image, wherein each of the
features in each feature pair has a corresponding location in
its respective image. The method also involves determining,
via the computing device, a geometrical relationship with
respect to the first image, based on the locations of the at
least two features pairs and the location of the point in the
first image, wherein the geometrical relationship is scale and
rotation invariant. The method also involves determining,
via the computing device, the matching location in the
second image based on the geometrical relationship and the
locations of the respective matching features of the at least
two feature pairs that are from the second image. wherein
the first image and the second image are selected from at
least one of: a preoperative image and an intraoperative
image of the patient.

In another aspect, the invention involves a method for
filtering a set of feature pairs between two images, the two
images are of a patient. The method involves receiving, by
a computing device, a set of feature pairs wherein each
feature pair comprises one feature location from a first
image and a matching feature location from a second image.
The method also involves filtering, by the computing device,
the set of feature pairs based on at least one of a scale
invariant and a rotational invariant geometrical relationship
between feature locations from the set of feature pairs,
wherein the two images are selected from at least one of: a
preoperative image and an intraoperative image of the
patient.

In some embodiments, the filtered set of feature pairs has
less feature pairs then the received set of feature pairs. In
some embodiments, filtering the received set of feature pairs
reduces false feature pairs in the set of feature pairs.

In some embodiments, the filtering also involves deter-
mining, by the computing device, a set of couples of
features, determining, by the computing device, for each
couple of the set of couples a first distance between the two
feature locations of the two feature pairs of the couple that
are from the first image, determining, by the computing
device, for each couple of the set of couples a second
distance between the two feature locations of the two feature
pairs of the couple that are from the second image, deter-
mining, by the computing device, for each couple of the set
of couples a ratio between the first distance and the second
distance, yielding a set of respective ratios, and discarding
feature pairs based on the set of respective

In some embodiments, the method involves determining,
by the computing device, a relative scale between the two
images, based on the set of respective ratios, and determin-
ing, by the computing device, a selected feature pair to be
discarded from the set of feature pairs based on the deter-
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mined relative scale and based on the ratios that were
determined using the selected feature pair.

In some embodiments, the filtering involve determining,
by the computing device, a set of couples of feature pairs,
determining, by the computing device, for each couple of the
set of couples a first angle of a line connecting the two
feature locations of the two feature pairs of the couple that
are from the first image, determining, by the computing
device, for each couple of the set of couples a second angle
of a line connecting the two feature locations of the two
feature pairs of the couple that are from the second image,
determining, by the computing device, for each couple of the
set of couples a difference of angles between the first angle
and the second angle, yielding a set of respective differences
of angles, and discarding feature pairs based on said set of
respective differences of angles.

In some embodiments, the discarding involves determin-
ing, by the computing device, a rotation between the two
images, based on the set of respective differences of angles,
and determining, by the computing device, a selected feature
pair to be discarded from the set of feature pairs based on the
determined rotation and based on the differences of angles
that were determined using the selected feature pair.

In some embodiments, the filtering involves selecting at
least three feature pairs from the set of feature pairs,
determining, via the computing device, a first polygon with
respect to the first image, such that the vertexes of the first
polygon are the feature locations of the at least three feature
pairs that are from the first image, determining, via the
computing device, a second polygon with respect to the
second image, such that the vertexes of the second polygon
are the feature locations of the at least three feature pairs that
are from the second image, determining via the computing
device, whether the first and second polygons are similar and
when the two polygons are not similar, discarding from the
set of feature pairs at least one feature pair of the at least
three feature pairs.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting examples of embodiments of the disclosure
are described below with reference to figures attached hereto
that are listed following this paragraph. Dimensions of
features shown in the figures are chosen for convenience and
clarity of presentation and are not necessarily shown to
scale.

The subject matter regarded as the invention is particu-
larly pointed out and distinctly claimed in the concluding
portion of the specification. The invention, however, both as
to organization and method of operation, together with
objects, features and advantages thereof, can be understood
by reference to the following detailed description when read
with the accompanied drawings. Embodiments of the inven-
tion are illustrated by way of example and not limitation in
the figures of the accompanying drawings, in which like
reference numerals indicate corresponding, analogous or
similar elements, and in which:

FIG. 1 is a flow chart showing a method for locating data
from a first image on a second image, according to some
embodiments of the invention.

FIG. 2 is diagram showing an example of a display device
displaying guidance information as an overlay superim-
posed on an intraoperative image, according to some
embodiments of the invention.

FIG. 3A is a diagram showing an example of a display
device showing a preoperative image and an intraoperative
image, according to some embodiments of the invention.
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FIG. 3B is a diagram showing an example of a display
device showing PIP, according to some embodiments of the
invention.

FIG. 3C is a diagram showing an example of the desired
and current IOL alignment displayed without the preopera-
tive image, according to some embodiments of the inven-
tion.

FIGS. 4A-4C are images showing an example of an OCT
B-scan located on an intraoperative image, according to an
illustrative embodiment of the invention.

FIG. 4D is an example of displaying an overlay on a still
image of an intraoperative image, according to an illustrative
embodiment of the invention.

FIG. 5 is flow chart showing a method for determining,
for a point in a first image, a matching location in a second
image, according to some embodiments of the invention.

FIG. 6A is a diagram showing an example of a point in a
first image being copied to a second image using the method
of FIG. 5, as described above, according to some embodi-
ments of the invention.

FIG. 6B shows images of an example of copying a
location between two actual images of an eye, according to
illustrative embodiments of the invention.

FIG. 7 is a flow chart showing a method for determining
a set of feature pairs between features of two images,
according to some embodiments of the invention.

FIG. 8A shows a geometrical relationship being used to
filter a set of feature pairs, according to some embodiments
of the invention.

FIG. 8B are diagrams that illustrate two histograms of
ratios generated from actual images of a retina, according to
some embodiments of the invention.

FIG. 9 is a diagram of an example of a system for
overlaying guidance information, according to some
embodiments of the invention.

FIG. 10 shows a block diagram of a computing device
1400 which can be used with embodiments of the invention.

DETAILED DESCRIPTION

In the following detailed description, numerous specific
details are set forth in order to provide a thorough under-
standing of the invention. However, it will be understood by
those skilled in the art that the invention can be practiced
without these specific details. In other instances, well-known
methods, procedures, and components, modules, units and/
or circuits have not been described in detail so as not to
obscure the invention.

Generally, the invention can involve displaying an image
of a medical procedure (e.g., an intraoperative image) with
additional information (e.g., data) that can augment the
image of the medical procedure. The data can be overlay
data. The overlay data can be shapes, information e.g.,
guidance information), or any visual output that is desired to
be displayed concurrent with or appear on top of the
intraoperative image. The overlay data can be images that
appear to be positioned on top of the intraoperative image.
The overlay data can be displayed such that it varies in color,
intensity, opacity, transparency, or any combination thereof.

Each pixel on the image to be displayed during the
medical procedure can be assigned a value. The value for
each pixel can depend on the intraoperative image and the
overlay data. The overlay data can cause the pixels in the
intraoperative image to be modified, according to the desired
image output for the medical procedure.

Overlaying data with an image (e.g., a preoperative image
or an intraoperative image) can assist a medical professional
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during a medical procedure. For example, during ophthalmic
surgery it can be desirable for a surgeon to understand where
surgical incisions or treatments are planned to take place,
and/or where medical objects are planned to be placed, such
as for example for capsulotomy, limbal relaxing incisions
(LRIs), stitches, retinal laser photocoagulation, and/or IOL
insertion. The planning information can be presented to the
surgeon as overlay data on the intraoperative image. For
example, when inserting a toric IOL into an eye, the correct
orientation of the IOL can be imperative to the patient’s
ability to see properly after the surgery. Toric IOLs typically
include markers (e.g., axis marks) that can help a surgeon
align the IOL within the patient’s eye properly. However, the
IOL’s markers can only assist in the IOL’s placement within
the patient’s eye if there is an accurate, stable, and timely
reference.

The invention can include methods and systems that can
allow an accurate, stable and/or timely reference for IOL
alignment. As is apparent to one of ordinary skill in the art,
the method and systems discussed herein can be applicable
to any electronic assisted surgery where an object (e.g., a
tool, an implant and/or any medical object) is positioned at
a predefined desired location and/or orientation on or within
a patient, or where a surgical treatment (e.g. an incision, a
biopsy, and/or a tumor ablation) is taken place at a pre-
planned location.

In general, the invention can allow for i) overlaying
preoperative guidance information (e.g., guidance data) with
an intraoperative image, e.g., overlaying information from a
pre-operative image, or information associated with a pre-
operative image, with an intraoperative image that can be a
live image or a still image taken at a particular moment in
time of the real-time surgical procedure, ii) overlaying an
indicator of a current location and/or orientation of a medi-
cal object during the medical procedure with a preoperative
image, e.g. a preoperative image as taken by a diagnostic
device, or a preoperative image already overlaid with pre-
planning or guidance information, and iii) overlaying intra-
operative guidance information with an intraoperative
image, e.g. overlaying information associated with a live
image viewed by one surgeon with a live image viewed by
another surgeon, or overlaying information associated with
a still image taken at a particular moment during the surgical
procedure with a live image.

As an example, for overlaying preoperative guidance
information with a live image (e.g., an intraoperative
image), a surgeon may view a guidance information overlay
indicating a preplanned location and/or orientation of an
IOL overlaid with the live image while moving and/or
rotating the IOL. As an example, for overlaying intraopera-
tive guidance information with the live image, a supervising
surgeon may draw a line indicating a desired location for an
incision on an intraoperative image (e.g. a snapshot of the
live image), and a resident performing the procedure may
view the line overlaid with the live image. As an example for
overlaying guidance information with a preoperative image,
a surgeon may view the preoperative image overlaid with
guidance information concurrently with viewing the live
image (e.g. in a picture-in-picture view or a side-by-side
view).

In the latter example, two indicators (e.g. two lines for
indicating orientation and optionally also location, or two
circles for indicating location) may be overlaid with the
preoperative image. A first indicator may represent the
desired location and/or orientation of an IOL, and can
remain unchanged with respect to the preoperative image it
is overlaid upon. However, a second indicator may represent



US 11,490,986 B2

7

the actual IOL location and/or orientation during the medical
procedure, and can be continually updated (e.g., with a
predefined periodic rate) as the surgeon manipulates the
IOL. The surgeon can see in real-time an indicator repre-
senting the actual IOL location and/or orientation with
respect to an indicator representing the desired IOL location
and/or orientation, and can change the IOL location and/or
orientation until the two symbols are in alignment the
surgeon can concurrently see both the guidance overlay on
the preoperative image, and the IOL in the live image).

In some embodiments, a surgeon may be concerned with
only the IOL orientation and not the location. In these
embodiments, for example when the two indicators (e.g.
lines) are parallel to each other they can be considered to be
in alignment. In some embodiments, a surgeon is concerned
with only the location of the medical device. In these
embodiments, for example, when the two indicators (e.g.
circles) are concentric they can be considered to be in
alignment. In some embodiments, a surgeon is concerned
with both the location and the orientation. In various
embodiments, the surgeon can decide when the two indica-
tors have reached a sufficiently aligned state.

Generally, the methods and systems can allow for i)
displaying with the intraoperative image indicators that are
associated with locations in a preoperative image, ii) dis-
playing with the preoperative image indicators that are
associated with locations in the intraoperative image, and iii)
displaying with one intraoperative image indicators that are
associated with locations in another intraoperative image.

Accurately matching locating) a point in one image (e.g.,
a first image) on another image (e.g., a second image) can
involve finding a most accurate location on the second
image that corresponds to the point on the first image.
Accurately matching a point in one image on another image
can also be referred to as copying the point from one image
to another image. Although the two images may be of the
same object (e.g., two images are of the same patient’s eye),
the two images may not to be identical (e.g., the two images
are of the same patient’s eye taken at two different times).
Thus, matching a point (e.g., a desired location for a center
of an IOL) in a first image (e.g., preoperative image) to a
point in a second image (e.g., a intraoperative image) can
involve locating a point on the second image that closely
corresponds to the point on the first image, as described in
further detail below with respect to FIG. 1

In some embodiments, locating the correct point can
involve finding a location relative to adjacent anatomical
elements in both images that are identical. The anatomical
elements of a reference can depend on the type of the
surgical procedure and/or the stage of the procedure. For
example, in open brain surgery, superficial cortical vascu-
lature can serve as reliable anatomical elements for transfer
of locations at the initial stages of the procedure, but once a
tumor is partially removed they may be considered unreli-
able as the brain tissue is subject to deformation. In another
example, in anterior ophthalmic procedures anatomical ele-
ments near the limbus may be considered reliable, and
conjunctival blood vessels distant from the limbus may be
considered unreliable. This can be due to possible movement
of the conjunctiva relative to the sclera due to surgical
manipulations.

Locations (e.g., one or more points) in each of the
respective images can be transferred to the other images by
determining corresponding locations in the other respective
image. In some embodiments, corresponding locations can
be determined based on aligning the two images. In some
embodiments, corresponding locations can be determined as
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described in further detail in FIG. 1 below. A location can be
an XY coordinate system location in the image, having
sub-pixel resolution (e.g., non-integer x and y values). Each
image can be defined as having pixels, pixel locations, and
the pixel locations can be defined in an XY coordinate
system. The location of points and/or objects within images
can also be referred to in an XY coordinate system.

FIG. 1 is a flow chart showing a method 100 for locating
data from a first image on a second image, according to some
embodiments of the invention. The method can include
receiving the first image (Step 110).

The first image (e.g., reference image) can be a preop-
erative image. The preoperative image can be an image of a
patient taken prior to an operation. The first image can show
a region of interest which can be a portion of patent that is
of interest, for example, for a procedure. For example, an
eye, a brain, a lung or a blood vessel.

The first image can be a two-dimensional (2D) image, for
example in ophthalmic surgery an image of an eye generated
by a CCD- or CMOS-based camera, or an image of a retina
generated by an SLO camera. The 2D image can be gener-
ated from a three-dimensional (3D) imaging dataset, for
example in brain surgery, an oblique slice generated from a
CT imaging dataset, or a rendered image of a 3D segmented
model of a tissue generated from an MRI imaging dataset,
or for example in ophthalmic surgery an en-face image or a
summed voxel projection image generated from an OCT
imaging dataset.

The method can also include receiving data (e.g., overlay
data) that is associated with the first image that can be
represented as an overlay that is displayed on a second
image (e.g., an intraoperative image) (Step 120). The over-
lay data can be guidance information for the medical pro-
cedure determined during the capturing of the preoperative
image. The guidance information (e.g., reference data) can
include a desired location and/or orientation for a medical
object within the first image. The guidance information can
be a desired location for insertion, placement and/or posi-
tioning of any kind of the medical object with respect to the
patient. For example, the data can be xy coordinates of a
center of a visual axis and an orientation, and it can be
represented as a line centered and oriented per the data and
is displayed as an overlay with the second image. The
guidance information can be a desired location for a surgical
treatment. For example, the data can be a contour (e.g., an
arc or a line) of a planned incision, a location of a planned
biopsy, and/or a location of a planned tumor ablation, that
can be represented as overlays on the second image.

The guidance information can indicate a portion of an eye.
The guidance information can indicate a particular object in
the first image. The guidance information can have charac-
teristics that can cause it to be displayed as a line, a dot, a
series of dots, a color, or any visual indicator as is known in
the art. In some embodiments, for an IOL placement, the
guidance information can indicate an orientation relative to
the image for IOL placement and/or the desired IOL place-
ment location.

In some embodiments, the guidance information is
received by the system. In some embodiments, the guidance
information is automatically generated by a diagnostic
device. In some embodiments, the guidance information is
not automatically generated by a diagnostic device. In
various embodiments, if the guidance information is not
automatically generated by a diagnostic device (e.g., such as
the toric IOL location and orientation data), or if a surgeon
chooses to change automatically generated guidance infor-
mation, the surgeon may use a SW tool (e.g. a dedicated SW
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tool) for overlaying or drawing on the preoperative image
(or a first image) any of the following: circles, lines, other
geometrical shapes, frechand drawing. The overlays can
indicate areas by shapes filled, e.g. by texture or color. The
SW tool may store the overlay as textual data that is used
during a procedure to generate an overlay on the intraop-
erative image. For example, guidance information for a
capsulotomy can be a circle having a known diameter drawn
as an overlay with the preoperative image.

The method can also involve determining one or more
points based on the received data (Step 125). The received
data (e.g. guidance information) can be represented as a
series of locations (e.g. points) in the first image coordinate
system (CS). For example, a circle can be represented by 10
points uniformly spread along the circle. In these embodi-
ments, during a procedure, the points can be located in the
intraoperative image (e.g., a live image). Locating the points
in the intraoperative image can involve, copying the points
from a preoperative CS to an intraoperative CS. In some
embodiments, once the points are copied to the intraopera-
tive image CS, the method can involve reconstructing the
guidance information based on the copied points. For
example, calculating a circle that fits (e.g, best fits) the 10
copied locations. In these embodiments, the reconstructed
guidance information can be displayed as an overlay with
the intraoperative image.

In some embodiments, the received data is represented as
points prior to the procedure. In some embodiments, the
received data is represented as points prior during the
procedure. For example, the circle that the surgeon draws on
the preoperative image is guidance information that is
associated with the preoperative image (e.g., and/or stored)
as, for example, a center (x and y values) and radius (in
pixels), and the points to be copied can be generated during
a procedure that takes place after the surgeon draws on the
preoperative image (e.g., generated in real-time during the
surgery).

In some embodiments, limbal relaxing incisions (LRIs)
are represented by guidance information showing short line
segments or shorts arcs having a geometrical representation
in the preoperative image CS, or as a series of points. In
some embodiments, areas where a retina is detached are
indicated on a preoperative image of a retina by a contour
filled with a color.

In various embodiments, guidance information that is
displayed as an overlay can be represented for instance as an
OpenGL object (e.g. by a list of vertexes and textures) that
can include a finite number of locations that may be copied
from one image CS to another (e.g., a preoperative image to
an intraoperative image). In various embodiments, the first
image can be an intraoperative image (e.g., a live image) and
the guidance information can be automatically generated by
detecting IOL axis marks.

In various embodiments, the guidance information is
automatically and/or manually generated, in association
with either a preoperative image or an intraoperative image.
In various embodiments, the guidance information is auto-
matically generated with respect to a preoperative image
(e.g. by a diagnostic device), manually generated with
respect to a preoperative image (e.g. by a surgeon as
described above), automatically generated with respect to an
intraoperative image (e.g. by detecting or tracking a tool or
an implant with respect to the live image), and/or manually
generated with respect to an intraoperative image (e.g. by
drawing a teaching symbol on an intraoperative snapshot).

In various embodiments, the first image is an intraopera-
tive image. The intraoperative image can be a real-time
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image. The intraoperative image can be a live image or a still
image. As is apparent to one of ordinary skill in the art, the
live image can be a series of still images continuously
changing in real-time.

In various embodiments, the second image is an intraop-
erative image.

In various embodiments, the first image is a still image
(e.g., a snapshot) of the intraoperative image and the second
image is a live image. In some embodiments, the guidance
information can be a line drawn on the snapshot, for
example, by a senior surgeon.

In various embodiments, the first image is a preoperative
image. The preoperative image can be a still image or a
video image. In various embodiments, the second image is
a preoperative image.

In various embodiments, the first image is a preoperative
image and the second image is an intraoperative image (e.g.,
a live image or snapshot). In these embodiments, the guid-
ance information can be generated by a diagnostic device or
by the surgeon, and can be represented as locations in the
preoperative image CS

The method can also include receiving the second image
(Step 130). For example, the second image can be received
during the medical procedure. The second image can be an
intraoperative image (e.g., a live image of the medical
procedure or snapshot of the medical procedure), a preop-
erative image and/or any image as described with respect
step 120.

The method can also include, matching locations of one
or more points from the first image to the second image
(Step 140). The one or more points can be based on the
received data, for example, as described above in Step 125.
For example, the guidance information associated with the
preoperative image can be represented by points (e.g., two
points representing a line) in the preoperative image CS. The
method can also involve displaying guidance information as
overlaid with the second image based on the one or more
points (Step 150).

In some embodiments, when the guidance information is
an indicator that is overlaid on a live image, it is locked to
anatomical elements of reference in the live image such that
the guidance information moves when there is movement in
the live image.

In some embodiments, when the guidance information is
an indicator that is associated with a location of an object in
the live image and it is overlaid on a preoperative image, the
overlay can dynamically change when the object moves
relative to anatomical elements of reference in the live
image.

In some embodiments, multiple preoperative diagnostic
tests are averaged to generate the guidance information. For
example, in toric alignment guidance, when multiple astig-
matism measurements are preoperatively performed by one
or more devices, the various results are accurately averaged
when, for instance, each measurement is accompanied with
an image of the eye sampled concurrently with the diagnos-
tic test. In various embodiments, the method involves select-
ing one of the multiple diagnostic images as a reference
image (e.g., first image), and converting the various astig-
matism measurements from the CS of each of the multiple
diagnostic images to the CS of the reference image. This can
be based on aligning each of the diagnostic images to the
selected reference image and adjusting the corresponding
astigmatism measurements according to the relative rotation
between the images. In some embodiments, an astigmatism
measurement can be represented as two points in the diag-
nostic image CS, and the location of these two points is
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copied to the reference image CS. In some embodiments,
averaging multiple preoperative diagnostic tests to generate
the reference data involves automatically discarding outlier
results. In some embodiments, the user decides which results
to include in the averaging.

Turning to FIG. 2, FIG. 2 is diagram showing an example
of display device 200 displaying guidance information as an
overlay in the form of a dashed line 210 (e.g., desired IOL
location and orientation) superimposed on the intraoperative
image 220 showing IOL 230 after being inserted to an eye
250, according to some embodiments of the invention. The
current orientation of the IOL is apparent via IOL markers
260.

The toric IOL in FIG. 2 includes six dots (or markings)
that can indicate a steep or flat axis of the toric IOL. Toric
IOLs typically include axis marks, such as a series of dots,
lines, rectangles and/or other markings as are known in the
art, that can assist a surgeon to align the IOL to a predeter-
mined orientation. These markings can be detected in an
intraoperative image, e.g. by a template-matching algorithm,
a deep-learning algorithm, and/or any algorithm known in
the art to detect the markings. Once the locations of the IOL
markings in the intraoperative image are known, the system
can determine, for example, the location of the center of the
IOL in the intraoperative image. The guidance information
(e.g., overlay) can correspond to the optical axis that the axis
marks indicate, e.g., an overlay for an IOL with indications
for a steep axis that is orthogonal to an overlay for an IOL
with indications for a flat axis (e.g., either the IOL type can
be detected automatically or a user can indicate if the IOL
type is different from a default type).

In various embodiments, for IOL insertion, the guidance
information indicates a desired location and/or orientation of
the IOL. In some embodiments, the guidance information is
locked (e.g., pinned) to a desired location (e.g. relative to the
eye). In some embodiments, for toric IOL insertion, the
guidance information indicates the desired orientation of the
IOL.

In some embodiments, for toric IOL insertion, the guid-
ance information is displayed as an overlay centered on a
center of the IOL as detected in the intraoperative image. In
this manner, the indicator of the desired IOL orientation can
be pinned (or locked) to the IOL center. For instance, the
user may choose to pin the overlay to the IOL center once
the IOL is at its final position, e.g., for fine tuning and/or for
verifying the alignment. When a user chooses to pin the
overlay to the IOL center, and the IOL center is temporarily
not being detected (e.g. due to obscurations by the iris or by
tools), the overlay can be centered on either one of the last
determined IOL center location or the preoperatively deter-
mined (e.g., desired) IOL location.

In some embodiments, when the intended overlay loca-
tion changes abruptly, the overlay is gradually shifted to the
updated (e.g., intended) location. Abrupt changes in the
intended overlay location can occur when a user changes the
selection of overlay centering from pinning to the pre-
planned (e.g., desired) location to pinning to the IOL center,
or vice versa, or when the overlay is chosen to be pinned to
the IOL center but the IOL center is temporarily not
detected.

Detecting the IOL center may be based, for example, on
detecting the IOL contour or detecting the IOL axis marks.
When the IOL shape is known, detecting the IOL center can
be based on detecting segments of the IOL boundaries. For
example, when the IOL is round (e.g., disregarding the
haptics), segments of the IOL edges can be detected, and/or
the center of a circle that best fits these segments can be
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determined as the IOL center. Detecting the axis marks
locations may be determined for example based on the IOL
type (e.g., a known IOL type has a known number of the axis
marks and known distances between the axis marks). In
another example, the axis mark locations may be determined
based on estimating the most likely location based on a
nominal IOl diameter and/or based on known patterns for
various toric IOLs in the market.

In some embodiments, the angular difference between the
desired IOL orientation and the current IOL orientation is
determined. The angular difference can be conveyed to a
user various visual and or auditory ways.

In some embodiments, the angular difference between a
desired IOL orientation and the current IOL orientation can
be determined, for example, by detecting the IOL axis marks
in the intraoperative image, and copying the axis marks
locations from the intraoperative image CS to the preopera-
tive image CS. An angle of a line that best fits the copied
locations in the preoperative image CS may be calculated,
and the difference between this angle and the preplanned
desired angle may be determined.

In various embodiments, the method can involve gener-
ating and/or reporting a confidence score that can control an
appearance of the guidance overlay. For example, if a
surgeon is causing rapid movement in an eye, the color of
the guidance overlay can change to reflect that it may be less
accurate during the rapid movement. The confidence score
can also be conveyed to the user via a separate symbol (e.g.,
a colored and/or numbered meter).

In some embodiments, the system may use auditory
indications to assist the surgeon, e.g. when the surgeon
chooses not to see an overlay on a live image. For example,
the system can be programmed to calculate the positional
and/or angular difference (e.g., the measure of alignment)
between a desired IOL location and/or orientation and a
current IOL location and/or orientation. The measure of
alignment can be determined without actually displaying the
indicators that represent the desired IOL location and/or
orientation and the current IOL location and/or orientation,
and can be calculated based on their relative location and/or
orientation. The calculations can be based on copying the
locations of the detected axis marks from the intraoperative
image CS to the preoperative image CS, and/or by copying
the desired IOL location and/or orientation from the preop-
erative image CS to the intraoperative image CS. When the
IOL does not have axis marks and the guidance information
includes a desired location only, the IOL location can be
detected in the live image for instance based on detecting its
contour in the live image. Having calculated a measure (or
score) of alignment, the system can generate an auditory
indicator that indicates to the surgeon how close the actual
IOL location and/or orientation is with respect to the desired
IOL location and/or orientation. Such an indicator may be
for instance a beeping sound having a frequency increasing
with the alignment score.

In some embodiments, the surgeon relies on an auditory
indicator alone. In some embodiments, once an alignment
score threshold is met, a PIP can be presented to the surgeon
automatically. In some embodiments, the PIP can appear
when the surgeon presses a footswitch. In some embodi-
ments, a surgeon momentarily freezes a live image to see the
desired indicator overlaid with the intraoperative snapshot
image, before returning to the live image to improve the
alignment.

In some embodiments, known models of particular IOLs
are used. In some embodiments for other medical proce-
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dures, models of known medical objects/devices can be used
for detection in the intraoperative image.

FIG. 3A is a diagram showing an example of a display
device 300 showing a preoperative image 320 and an
intraoperative image 340, according to some embodiments
of the invention. As shown in FIG. 3A, the preoperative
image 320 shows a desired IOL location and orientation 324
and a current IOL location and orientation 326. The intra-
operative image includes IOLs axis marks (or markers) 310
indicating an axis of the IOL. The axis marks may be
detected (e.g. by image processing algorithms) in the intra-
operative image, and their locations can be copied to the
preoperative CS e.g., via the algorithm shown below in FIG.
5, and be used to generate the current IOL location 326.

In some embodiments, the preoperative image and the
intraoperative image are concurrently displayed in a side-
by-side layout, as in FIG. 3A. In some embodiments, for a
medical procedure involving an IOL, the preoperative image
including a desired and a current IOL alignment and the
intraoperative image are concurrently displayed as a “Pic-
ture-in-Picture” (PIP). FIG. 3B is a diagram showing an
example of a display device 300 showing PIP, according to
some embodiments of the invention. The PIP includes the
preoperative image 320 showing a desired IOL location and
orientation 324 and current IOL location and orientation 326
(e.g., guidance information) that is the IOL location and
orientation in a current medical procedure. In FIG. 3B, the
intraoperative image 340 shows an IOL 301. The PIP shows
a desired IOL location and orientation 324 and current JOL
location and orientation 326 (e.g., guidance information)
that is the JOL location and orientation in a current medical
procedure. In various embodiments, the preoperative image
320 is positioned at other desired locations within the
display device. In some embodiments, the preoperative
image 320 is positioned such that the preoperative image
and the intraoperative image can be viewed simultaneously.
In some embodiments, the intraoperative image 340 is
positioned within the preoperative image 320.

In various embodiments, the user can provide an input for
positioning the preoperative and intraoperative images rela-
tive to each other, selecting the size, magnification, center-
ing and/or other characteristics of each image individually
to, for example, allow the user to arrange the images to have
an unobstructed view of the relevant part of the patient site
of interest. In various embodiments, the preoperative image
is displayed within the boundaries defining the area of the
intraoperative image, outside of the boundaries defining the
area of the intraoperative image or any combination thereof.
As is apparent to one of ordinary skill in the art, the
preoperative image can be positioned/placed in other loca-
tions within the display device.

In some embodiments, the indicators for the desired and
current IOL alignment are displayed without the preopera-
tive image, as the two indicators can be sufficient for
positioning the IOL (e.g., a surgeon may move and/or rotate
the IOL until two indicators are aligned, regardless of the
background image). For example, turning to FIG. 3C, FIG.
3C is a diagram showing an example of the desired and
current IOL alignment displayed without the preoperative
image, according to some embodiments of the invention. In
some embodiments, the desired and current IOL alignment
are displayed are superimposed upon a schematic image
(e.g., synthetic representations of an eye, preoperative pupil,
center of the pupil). In some embodiments, the first image
(e.g, the reference image) is an image of a retina generated
by a diagnostic OCT device, accompanied by information
regarding the locations, relative to the image of the retina, of
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OCT B-scans provided by the OCT device. Such location
information can be provided as pairs of locations of edges of
lines, each line representing an OCT B-scan location with
respect to the image of the retina. FIGS. 4A-4C are images
showing an example of an OCT B-scan located on an
intraoperative image, according to an illustrative embodi-
ment of the invention.

FIGS. 4A and 4B show images generated by an OCT
imaging device taken prior to medical procedure (e.g.,
preoperatively), according to some embodiments of the
invention. Image 400 is an image of a retina generated by the
OCT imaging device, and image 410 is one of multiple
B-scan images generated by the same device. The multiple
horizontal lines overlaid on the preoperative image 400
indicate locations on the retina corresponding to each of the
multiple B-scans. In some embodiments, the system stores
the image of the retina without the overlaid lines, and the
location of the lines with respect to the image are stored
separately (e.g. as pairs of points indicating the two edges of
each line). Line 420 can indicate the location on the retina
corresponding to B-scan 410. FIG. 4C shows an intraopera-
tive image 450 of a retina. Preoperative OCT B-scan image
410 is displayed in PIP 440. Using preoperative image 400
of'the retina as a reference image (e.g., the image without the
overlaid lines is used as reference), the location of line 420
can be copied from the preoperative image 400 to the live
image 450, e.g., by copying the location of the two edges of
the line from the reference image to the intraoperative
image, to generate overlay 430, which can indicate the
location on the retina corresponding to the OCT B-scan
image 410 displayed in PIP 440. In some embodiments, the
user scrolls within the set of B-scan images, and as the OCT
B-scan image displayed in PIP 440 changes, the location of
the corresponding line on the intraoperative image is deter-
mined and displayed as an overlaying line. The determina-
tion for the corresponding location on the intraoperative
image can be performed on a frame-by-frame basis, even
when the preoperative OCT image displayed in PIP 440 has
not been changed by the surgeon, as image 450 can be
real-time and the overlay can be dynamically updating.

In some embodiments, the preoperative image is a diag-
nostic image of the retina on which the surgeon made
pre-planning notes and markings, and the intraoperative
image is a live image of the retina. Pre-planning markings
can be for example a location of a membrane that is to be
removed during the surgery, and/or a location where a retinal
detachment appears. In some embodiments, it can be desir-
able for a surgeon to view the markings overlaid with the
live (e.g., intraoperative) image, e.g., copied or located from
the preoperative image to the live image. Copying a marking
may be performed by breaking the marking into small
line-segments, and copying each of the line edges from the
reference image (e.g., the preoperative image) to the target
image (e.g., the live image). Each line edge can have a
defined location in the image. In general, any shape and
color may be represented by locations, e.g. by vertexes, for
instance as in an OBJ file. Typically, the overlay is stored
separately from the image (e.g., not saved directly on the
reference image), using the same CS as the reference image
CS, such that the overlay may be copied from the reference
image CS to the target image CS.

In some embodiments, one or more still images of a live
image is captured by the user, and the overlay appears only
on the one or more still images. For example, for procedures
where an overlay indicates an area of a detached retina (e.g.,
a posterior segment ophthalmic procedure) a surgeon may
prefer that the overlay does not appear all the time, rather
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that it appears only responsive to a user-based input received
by the display system (e.g. by pressing the footswitch). In
some embodiments, this can be preferred since the overlay
in some embodiments, can obscure the area that the surgeon
needs to attend. In some embodiments, when the image is
still (e.g., frozen), the system can add a clear indication or
warning so the surgeon is aware that the image is frozen. In
some embodiments, the overlay only appears on the live
image during a continuous user-based input (e.g. only while
the user is pressing down on a footswitch).

FIG. 4D is an example of displaying an overlay on a still
image of an intraoperative image 460 (e.g. when the live
image is frozen), according to an illustrative embodiment of
the invention. The overlay 480 indicates an area of a
detached retina during a posterior segment ophthalmic pro-
cedure, e.g. indicated by coloring an area on an intraopera-
tive image of the retina that is detached, and indicating by
small crosses 470 locations for laser photocoagulation.
Indication 490 is a warning to alert a surgeon that the image
is frozen. In some embodiments, displaying the live image
frozen with the overlay is time limited, for instance it is
shown only when the surgeon presses the footswitch.

In some embodiments, overlaying guidance information
on a still image can provide an advantage of avoiding jitter
that can arise due to, for example, micro-saccades of the
patient’s eye and/or due to unstable overlay location on the
live image (e.g. instability that is affected by small changes
in the live image). For example, overlaying the guidance
information on a snapshot can allow for improved verifica-
tion of an alignment between an IOL and a guidance overlay.

In some embodiments, a still image of a live image is
displayed in a side screen or in PIP, and the still image
includes the overlay. This can allow the surgeon to see both
the live image (e.g., without any obscurations that may
interfere with what the surgeon is doing) and the guidance
information (overlaid on the snapshot). In some embodi-
ments, two representations of the live image are displayed to
the surgeon, one without an overlay and one with an overlay.
For instance the live image with the overlay is displayed in
a side screen or in PIP. This can allow the surgeon to see both
the live image without any obscurations that may interfere
with what the surgeon is doing and the live image with the
guidance information (overlaid on the live image in PIP.

In some embodiments, for instance in a system for brain
surgery, the reference image (e.g., the first image) is ren-
dered from a CT or MRI dataset, from the perspective of the
camera that is generating the intraoperative image. In some
embodiments, when the user views a stereoscopic (3D)
intraoperative image generated by two cameras, a separate
reference image is used for copying information to each of
the two intraoperative (e.g. live) images. For example, two
images can be rendered from a CT or MRI dataset from two
perspectives, corresponding to the two perspectives of the
cameras generating the live image, or corresponding to the
two perspectives of the two optical channels of a surgical
microscope, when the user is viewing the patient site of
interest via the microscope and not via a display device (or
devices). In another example the reference image is a
scanning laser ophthalmoscopy (SLO) image generated for
instance by a diagnostic OCT device. In yet another example
ophthalmic OCT data may be used to generate an en-face
image that may be used as a reference image. In another
example a reference image may also be generated by an
infrared camera, as opposed to imaging in the visible-range.

As described above, guidance information, reference data,
or any information can be copied (e.g., transferred or
located) from a first image to a second image (or vice versa).
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The guidance information can be associated with a point in
the first image (e.g., a desired IOL marker location), or
multiple points in the first image (e.g. a contour of a
membrane on the retina represented by a finite number of
points). Each point can be copied from the first image to the
second image, i.e. a matching location in the second image
can be determined for each of the multiple points represent-
ing the guidance information.

In some embodiments, a user (e.g., a nurse or a surgeon)
verifies that image-to-image location matching is working
correctly by moving a cursor (e.g., guidance information)
over the first image (e.g. preoperative image), as displayed
for instance on a touchscreen of the system side-by-side with
the second image (e.g. intraoperative image), to point at
prominent image elements, and visually verifying that a
corresponding cursor, copied from the first image to the
second image, is correctly positioned (e.g., the user may
verify that the second cursor points at the same image
element in the second image). In these embodiments, the
location matching can be performed as shown above in FIG.
5 and/or via registration.

In some embodiments, when image-to-image location
matching is based on registering the first image and the
second image, a user (e.g., a nurse or a surgeon) verifies that
the registration was performed correctly by viewing a
toggled view of the first image and second image (e.g. only
one of the two images is displayed at any given moment). In
these embodiments, the images are displayed such that if one
of the images were partially transparent, corresponding
anatomical elements in the two images would overlap (e.g.
if the registration was performed correctly). In these
embodiments, the user views either the first image after it is
registered. (e.g. aligned) to the second image, alternately
with the second image, or the second image after it is
registered (e.g. aligned) to the first image, alternately with
the first image. In some embodiments, the user may adjust
the toggling frequency. In some embodiments, the user may
adjust the registration while viewing the toggled view of the
two images. For instance, the user may rotate the registered
image such that it is better aligned with other image.

FIG. 5 is flow chart showing a method for determining,
for a point in a first image, a matching location in a second
image, according to some embodiments of the invention.

The method can involve receiving, via a computing
device, the point having a location in the first image (Step
510). The point can have a defined pixel location (x,y) where
x and y can be integer or non-integer values.

The method can involve receiving, via the computing
device, two feature pairs wherein each feature pair com-
prises one feature from the first image and a matching
feature from the second image, wherein each of the features
in each feature pair has a corresponding location on its
respective image (Step 520). The two feature pairs can be
two features pairs from a set of feature pairs. The set of
feature pairs can be based on matching features between the
first image and the second image. Features can be matched
based on similarity between descriptors. In some embodi-
ments, even if features have sufficient similarity between
descriptors, they may not actually be a match. In some
embodiments, the feature pairs are filtered. The filtering can
be based on geometrical relationships, for example, as
described in further detail below with respect to FIG. 7 and
FIG. 8.

In some embodiments, the two feature pairs are selected
from a set of feature pairs, each feature pair includes one
feature from a first image and a matching feature from the
second image. The two feature pairs can be selected based
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on distance (e.g., distance measured in pixels) of the two
features of the two feature pairs that are from the first image
to the point. The distance can be normalized to the size of the
anatomy as it appears in the image (e.g., the white-to-white
diameter of the eye in the image). The distance can be based
on a minimum distance or a maximum distance as input to
the system (e.g., by a user, from a file or as a programmable
parameter).

For example, assume two feature pairs, FPla, FP1b,
where FPla has location (X1FP1la,Y1 FPla) in the first
image and FP14, has location (X2FP15,Y2 FP154) in the
second image and FP2a. FP2b, where FP2a has location
(X1FP2a,Y1 FP2aq) in the first image and FP2b, has location
(X2FP2b,Y2 FP25) in the second image.

The method can involve determining, via the computing
device, a first triangle with respect to the first image, such
that the vertexes of the first triangle are the locations of the
two features of the two feature pairs that are from the first
image and the location of the point in the first image (Step
530). Continuing with the above example, the vertexes of
the first triangle are (X1FPla,Y1 FPla), (X1FP2a,Y1
FP2a), and (x,y), the location of the point.

The method can involve determining, via the computing
device, a second triangle with respect to the second image,
such that two of the vertexes of the second triangle are the
locations of each of the respective matching feature of the
two feature pairs that are from the second image, and such
that the second triangle has triangle similarity with the first
triangle yielding a third vertex (Step 540). Continuing with
the above example, the two vertexes of the second triangle
are (X2FP15,Y2 FP1b), (X2FP25,Y2 FP2b). With the three
vertexes of the first triangle known, angles of the first
triangle, the lengths of each side of the first triangle and/or
other geometrical characteristics of the first triangle can be
determined. With the known angles and/or known lengths of
each side and/or other known geometrical characteristics for
the first triangle, the third vertex of the second triangle can
be determined by finding a similar triangle to the first
triangle. In some embodiments, the second triangle can be
constructed (e.g., virtually) by connecting the two matching
features and drawing (e.g., virtually) two lines (e.g., rays)
originating in each of the second triangle features and based
on the known angles of the first triangle that correspond to
each of the two features. The crossing point of the two lines
can determine the third vertex of the second triangle and can
define the third vertex. In various embodiments, determining
the second triangle that has similarity with the first triangle
is done, as is known in the art.

In some embodiments, an order of the vertices in the
second triangle proceeding clockwise is the same as the
order of their respective matching vertices in the first
triangle proceeding clockwise. In some embodiments, the
second triangle is not flipped with respect the first triangle
such that the second triangle is not a mirror image of the first
triangle. In some embodiments, each vertex angle in the
second triangle is equal to the vertex angle of its respective
matching vertex in the first triangle. For example, assume
feature pair (F1, F2), where F1 is a vertex in the first triangle
and F2 is a vertex in the second triangle. Assume also that
F1is a vertex having an associated angle of 30 degrees. Then
F2 is a vertex in the second triangle that also has an
associated angle of 30 degrees. In this manner, the angles
associated with the vertices in the first triangle are preserved
for the corresponding vertices in the second triangle.

The method can involve determining, via the computing
device, the matching location in the second image of the
point in the first image based on the location of the third
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vertex (Step 550). In some embodiments, the matching
location in the second image can be set to the location of
third vertex. As is apparent to one of ordinary skill in the art,
a triangle does not actually need to be drawn, it can be
virtually constructed and the properties (e.g., angles,
lengths, and/or any triangle properties and/or characteristics)
can be stored within the computing device.

In some embodiments, the method can involve repeating
the determination of the point to be located using multiple
triangles and determining the final result by averaging the
multiple results.

As is apparent to one of ordinary skill in the art, the
discussion with respect to FIG. 5 is with respect to one point,
however, in various embodiments, the method steps of FIG.
5 can be applied to multiple points. For example, in the case
of a line indicating a desired orientation of an IOL with
respect to a preoperative image, two or more points along
the line (e.g. the two edges of the line) can be selected to
represent the line, and each of these points may be copied to
(or located in) the CS of the intraoperative image. For each
copied point, the feature pairs can be updated (e.g. different
feature pairs are used to copy each point). Thereafter, a line
may be generated in the CS of the intraoperative image, e.g.
by connecting the copied points.

FIG. 6A is a diagram showing an example of a point in a
first image (e.g., a preoperative image, intraoperative image
or a reference image) being copied to a second image (e.g.,
a preoperative image, an intraoperative image or a target
image) using the method of FIG. 5, as described above,
according to some embodiments of the invention. As shown
in FIG. 6A, the first image is an intraoperative image having
point 103, the second image is a preoperative image. The
point 103 is copied onto the preoperative image via the
method as described in FIG. 5 (e.g., by locating the point on
the preoperative image). In FIG. 6 A the point is an IOL axis
mark. A first triangle is constructed having features 101 and
102, and point 103 as the vertexes. Features 101 and 102 are
the features in the first image from the received two feature
pairs (e.g., as determined/selected from among a set of
feature pairs for the two images). Features 201 and 202 are
the features in the second image from the received two
feature pairs. Features 101 and 201 comprise one feature
pair (i.e. they are matching features), and features 102 and
202 comprise a second feature pair. A second triangle similar
to the first triangle is constructed in the second image, as
described above with respect to FIG. 5. In this manner,
vertex 203 (e.g., the third vertex of the target triangle) in the
second image is matched to point 103 in the first image, or
in other words in this manner point 103 is accurately copied
(e.g., transterred) from the first image to the second image.

FIG. 6B shows images of an example of copying a
location between two actual images of an eye, according to
illustrative embodiments of the invention. In FIG. 6B, the
reference image is an intraoperative image and the target
image is a preoperative image. The intraoperative image is
sampled before IOL insertion and the reference point is
arbitrarily chosen (e.g., three dots are depicted in this
example to exemplify three axis marks). In this example
multiple triangles are constructed for copying a single
location. In some embodiments, the resulting multiple target
locations are averaged to generate an averaged target loca-
tion. In some embodiments, the multiple target locations can
be filtered such that all outlier target locations are filtered
out. The outlier target locations can be, for example, all
target locations that are more than a maximum distance from
an average target location. In some embodiments, feature-
pairs that have been used to calculate the outlier target
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locations (e.g. by constructing similar triangles in the first
and second images) are identified, and any target location
that was calculated based on these features pairs (e.g. and
was not already filtered out) is also filtered out. This can
improve the accuracy of the averaged target location.

In some embodiments, the method described in FIG. 5 is
modified such that it is not a triangle that is used to copy the
at least one location, but another geometric relationship. The
geometric relationship can be a relationship that is scale and
rotation invariant. For example, similar triangles can stay
similar irrespective of scale or rotation of the one image
relative to the other. In various embodiments, the geometric
relationship is a mathematical formula. For example, a
mathematical formula that given three xy locations gener-
ates a fourth xy location. In various embodiments, the
geometric relationship can be a circle, square, hexagon,
octagon and/or any geometric shape as is known in the art.
In some embodiments, more than two features are used to
create the geometric shape. For example, three features may
be used, together with the point, to generate a quadrilateral
in the first image, and a similar quadrilateral may be
constructed in the second image (e.g. based on the three
corresponding matching features) to determine the matching
point in the second image. In some embodiments, more than
one instance of each shape is used. For example, an inter-
section of three circles may define a location, each circle
being defined by two reference features and the reference
location.

As described above, feature pairs and/or a set of feature
pairs can be determined between two images. FIG. 7 is a
flow chart showing a method for determining a set of feature
pairs between features of two images, according to some
embodiments of the invention. The method can involve
receiving, by a computing device, a set of feature pairs, each
feature pair including one feature location from a first image
and a matching feature location from a second image (Step
710).

In some embodiments, a first set of feature from a first
image and a second set of feature are received, and the set
of feature pairs are determined. In these embodiments, the
first set of features and/or the second set of features can be
determined as is known in the art. For example, the first set
of features and/or the second set of features in the images
can be detected by deep learning. The first set of features
and/or the second set of features can be detected within their
respective images and described by feature detection algo-
rithms, as is known in the art. Each feature can have a
defined point location (e.g., a location having sub-pixel
resolution) and a descriptor, a vector of values which
describes the image patch around the interest point.

Features between two images (e.g. two images of the
same scene) can be matched, for example based on their
similarity (e.g., the similarity of the descriptors of the
features). Features between two images may be matched
even if the two images are not exactly the same. For
example, in a cataract procedure, the preoperative image and
the intraoperative image of the eye may be different, yet
numerous matching image elements are apparent in both
images, such as elements in the iris and junctions of blood
vessels. As is known in the art, matching features based on
the similarity of their descriptors does not guarantee that the
matching is valid. Indeed, in some cases many, or even the
majority of matched pairs of features between two images
are false. For example, when pairing features from two
different images of the same house, two features detected at
the corners of two different windows may be falsely paired
due to the similarity of the windows. Various algorithms are
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known in the art for detecting features and for generating
descriptors, such as SIFT, SURF, and other. Descriptors may
also be generated via deep learning, as known in the art.

The method can involve filtering, by the computing
device, the set of feature pairs (Step 720). In some embodi-
ments, the set of feature pairs can be filtered based on a
predefined geometrical relationship between feature loca-
tions from the set the feature pairs. For example, in some
scenarios, a set of feature pairs can be received or some prior
art methods for feature matching can generate a list of
feature pairs with false pairs. Filtering the set of features
pairs can result in a set of feature pairs that has less features
pairs then the received and/or generated set of feature pairs.
Filtering the set of features pairs can result in reducing false
features pairs in the set of features pairs.

A set of feature pairs can be filtered by evaluating a
geometrical relationship between features. The geometric
relationship can be scale and rotation invariant. The geo-
metric relationship can be based on a Fuclidean distance
(e.g., in pixels) between any two features in an image. The
ratio of a reference distance (e.g., a distance between two
features in the reference image) to a matching target distance
(e.g., a distance between the two matching features in the
target image) can be approximately equal to the relative
scale of the two images, That is, if any two pairs of features
that were correctly paired are used to calculate such a ratio,
then the resulting ratio can be more or less the same. By
calculating the ratio for all the possible couples (or substan-
tially all) of the pairs in the two images (e.g., for instance
using all the pairs in the pair list that were not filtered out by
earlier methods, e.g. methods based on the descriptor simi-
larity score), and even without knowing the actual relative
scale of the two images, the actual scale can stand out, for
instance in a histogram of all the resulting ratios. Feature
pairs that are used in the calculation of ratios around the
correct scale may be identified and other feature pairs may
be filtered out (e.g. discarded from the set of feature pairs).
In some embodiments, additional filtering is performed
based on other geometric relationships, for instance by using
triplets of feature pairs and comparing the similarity of
triangles they define. In some embodiments, the additional
filtering is performed by using at least three feature pairs and
comparing similarity of polygons they define in the two
images. In some embodiments, similarity can be similarity
up to a predefined tolerance. The filtering can include
discarding form the set of feature pairs at least one feature
pair of the at least three feature pairs when the polygons are
non-similar.

In some embodiments, a geometric relationship for filter-
ing outliers may be for example based on the angle of the
line connecting any two features in an image. For example,
the angle of the line connecting a feature in location (100,
100) and a feature in location (200, 100) is O (e.g., where
locations are in pixel values). The angle of the line connect-
ing a feature in location (100, 100) and a feature in location
(200, 200) is 45 degrees. The difference between a reference
angle (e.g., an angle of a line connecting two features in the
reference image) to a matching target angle (e.g., an angle of
a line connecting the two matching features in the target
image) be approximately equal to the rotation between the
two images. In some embodiments, if any two pairs of
features that were correctly paired can be used to calculate
a difference of angles, then the resulting difference can be
more or less the same. By calculating this difference for all
the possible couples of pairs in the two images (e.g., using
all the pairs in the pair list that were not filtered out by earlier
methods, e.g. methods based on the descriptor similarity
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score), and even without knowing the actual rotation of one
image compared to the other, the actual rotation can be
visible in a histogram of all the resulting differences. Feature
pairs that were used in the calculation of angle differences
around the correct rotation can be identified and other
feature pairs can be filtered out.

FIG. 8A shows how geometrical relationship can be used
to filter a set of feature pairs, according to some embodi-
ments of the invention. Five vessel junctions associated with
features 6010-6050 are illustrated in the reference image
(top). Six blood vessel junctions associated with features
6510-6560 are illustrated in the target image (bottom).

Assume a pairing algorithm (e.g., based on the similarity
of descriptors) correctly paired the features to create a set of
feature pairs as follows: 6010 and 6510, 6020 and 6520,
6030 and 6530, and 6050 and 6550. Also assume features
6040 and 6560 were incorrectly paired, and thus is an false
feature pair in the set of feature pairs. In accordance with the
method described in FIG. 7, the set of feature pairs can be
filtered. In some embodiments, an outlier filtering algorithm
(e.g., algorithm to filter erroneous pairs) designed to detect
erroneous pairs (e.g. false feature pairs) as described above
can calculate the distances between the various couples of
features in each image, and calculate the ratio of distances
between matching pairs. For example, a distance between
6010 and 6020 in the reference image can be divided by the
distance between 6510 and 6520 in the target image, and the
result is 1.39. In this example, all of the calculated ratios
based on correctly matched features are around 1.4, which is
the relative scale between the two images. Ratios involving
the outlier pair (6040, 6560) can generate other results. The
algorithm may then conclude that this pair is incorrect and
filter it out of the list of pairs. Note that the ratios are not
expected to be exactly 1.4 due to the various reasons
discussed earlier that render the use of a global fit non-
optimal (e.g. distortions in the live image).

The features in the reference image and the target image
are automatically detected, and in general they are not
necessarily associated with the center of a blood vessel
junction, and/or they are not associated with any image
element that can be identified by a naked eye.

FIG. 8B are diagrams that illustrate two histograms of
ratios generated from actual images of a retina, according to
some embodiments of time invention. The histograms peak
at the relative scale in this case, about 1.1. The majority of
the histogram, excluding the peak, is generated by incor-
rectly paired features, and this distribution of ratios may be
expected for random incorrect pairing. The histogram can
demonstrate the strength of this filtering method, as it can
allow to easily filter out the incorrect pairs even when the
number of inliers (e.g., correct pairs) is small, simply by
identifying which pairs more frequently contribute to the
histogram bins around the peak and which pairs more
frequently contribute to other histogram bins. The two
histograms in this example are generated based on the same
two images.

The initial list of feature pairs can be generated by
matching all the features detected in one image with features
in the second image based on finding the feature with the
most similar descriptor (e.g., first runner-up). The top his-
togram was generated after the initial list of feature pairs was
initially filtered by taking only pairs where the first runner-
up descriptor similarity score was significantly higher than
the second runner-up descriptor similarity score (e.g., with a
0.9 score ratio threshold).

In this example, the number of pairs after this filtering
stage was 1667. The total number of calculated distance
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ratios in the histogram is thus 1667%1666/2. Based on this
histogram, 66 feature pairs were identified as the most
frequent to contribute to the peak bins. In this example, the
pair that contributed the most to the peak bin was identified,
and only pairs that contributed at least 80% of this pair’s
contribution survived the filtering. As mentioned above,
further filtering based on triplets of pairs may eliminate the
very few outliers that survive this stage, if it is required. In
this example, only 2 were further filtered, leaving 64 verified
pairs.

The bottom histogram was generated without any initial
filtering. All the features that were detected in one image (in
this case 9396 features) are matched with features in the
second image (7522 features, e.g., “double booking” was
allowed), totaling with 9396 pairs. Based on this histogram,
143 feature pairs were identified as the most frequent to
contribute to the peak bins when using the 80% threshold as
above, and 395 were identified when using a 50% threshold.

In various embodiments, the filtering of feature pairs can
be implemented either on the entire image or on separate
image tiles. When used on the entire image, the peak in the
histogram can be slightly wider than when used in tiles, due
to fact that the two images are not perfectly identical (e.g.,
even if scale, rotation and translation were to be corrected),
as described earlier. Implementing the filtering method in
tiles can involve generating several separate histograms
using features belonging to several smaller areas (e.g., tiles)
in the reference image (e.g., together the tiles cover the
entire image, and an overlap is allowed between tiles). Since
local features (e.g., features belonging to the same area in
the image) can be assumed to be affected by common image
distortions, the histograms generated locally can exhibit
narrower peaks. In some embodiments, an initial set of
filtered pairs is identified on the entire image and are used to
define corresponding tiles between the images, for instance
by calculating the corresponding locations of tile corners in
the second image (e.g., by using the triangles similarity
method as described above in FIG. 5). Once corresponding
tiles are identified, features may be detected and paired
separately in each pair of corresponding tiles in both images,
thus increasing the total number of verified pairs.

In some embodiments, a second feature pair search is
performed within an area of each filtered feature pair. In
these embodiments, the filtering of the feature pairs in the
second round can be less limiting than the original filtering
such that the total number of filtered pairs can increase.

In some embodiments, any feature pairs comprising fea-
tures that may be regarded as unreliable reference features
for image-to-image location matching during a procedure
are excluded from being included in the feature pair set. For
example, during anterior segment ophthalmic surgery, any
feature pairs that are not part of the limbus, or within a
certain distance of the limbus, may be regarded as unreliable
reference features for image-to-image location matching,
and may be excluded from being included in the feature pair
set.

In some embodiments for anterior segment ophthalmic
surgery, blood vessels are classified to scleral vs. conjunc-
tival, and feature pairs that are associated with conjunctival
blood vessels are excluded from the feature pair set. A
feature pair is associated with conjunctival blood vessels for
instance when one of the two features (e.g. the feature from
the live image) is within a predetermined distance of blood
vessels that were classified as conjunctival. The classifica-
tion may be implemented, for instance, based on image
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sequences at the initial stage of the surgery, e.g. by imple-
menting image processing algorithms and/or deep learning
algorithms.

In some embodiments, once features are detected in both
images and a set of filtered feature pairs is generated, the
locations of the features in the live image are tracked.
Tracking features may be implemented for instance by
template matching between consecutive frames in the live
image sequence, where the templates are small image
patches around the features, and the searching area in the
current frame is limited to the area around the feature
location in the previous frame. In some embodiments, the
process of detecting features and determining feature pairs;
is repeated during the procedure, and the features are tracked
until a new set of feature pairs is determined. In some
embodiments, the process of detecting features and deter-
mining feature pairs is repeated during the procedure at a
predetermined frequency. Repeating this process can elimi-
nate or substantially eliminate errors in feature tracking.

In some embodiments, the set of feature pairs includes
features that cover an entire region of interest for a guided
surgical procedure. For example, for an anterior segment
ophthalmic surgery, in some embodiments, it can be advan-
tageous that the features used are not all concentrated in one
side of the eye, and instead they are substantially uniformly
distributed around the limbus area. A uniform coverage can
guarantee that local triangles are constructed even when
some parts of the limbus area are hidden, e.g. by tools,
and/or when some parts are distorted, e.g. due to hemor-
rhages or liquids on the eye.

In some embodiments, preoperative images exhibit an
eyelid partially covering the limbus, rendering feature detec-
tion impossible in the covered areas. This can decrease the
robustness of the triangle similarity method during surgery.
In some embodiments at the beginning of the procedure a
“proxy” image can be saved. The proxy image can be an
intraoperative image, saved prior to the beginning of the
guided procedure. The overlay location can be copied from
the preoperative image CS to the proxy image CS using the
triangle similarity method (e.g., as describe above with
respect to FIG. 5), and later in the procedure the proxy image
can be used as a reference image for copying the overlay to
the live image. In this manner, guidance information can be
copied between two intraoperative images.

In some embodiments, the preoperative image is regis-
tered with the proxy image and overlay location can be
copied from the preoperative image CS to the proxy image
CS based on the determined transformation between the
images. In some embodiments, using a proxy image can be
advantageous also in other scenarios (e.g., other than ante-
rior segment ophthalmic surgery).

FIG. 9 is a diagram of an example of a system 2000 for
overlaying guidance information, according to some
embodiments of the invention. The system can include a
camera system 2100 (e.g. a stereoscopic camera system), a
video processing unit 2200 (e.g. embedded hardware), a
processor 2300 (e.g. a PC), a head wearable display (HWD)
2400, and a monitor 2500.

During operation, the video processing unit 2200 can
receive and read images from cameras in the camera system
2100, process the images, and stream the processed images
to the HWD 2400 and/or the monitor 2500. The processing
of the images can involve standard image processing (e.g.
de-Bayer, automatic gain control, distortion correction),
adding images in PIP view or in side-by-side view, and/or
overlaying guidance information, e.g. as guidance symbols.
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In some embodiments, the monitor 2500 is a 3D monitor.
The 3D monitor can be viewed with special glasses to see a
3D image.

In some embodiments, the system 2000 includes up to
three HWDs 2400 that can simultaneously display a live
image. The images displayed via the three HWDs can be the
same or different. For example, a supervising surgeon may
zoom out, freeze the image and/or use menus for drawing
markings on the image, while at the same time the resident
is viewing the live image without any change. In some
embodiments, the images have varying magnifications, e.g.
when the magnification is digital.

In some embodiments, the camera system 2100 is
assembled on a standard surgical microscope (not shown). In
some embodiments, the camera system 2100 replaces the
microscope oculars. In some embodiments, the system 2000
includes both the camera system 2100 and microscope
oculars. In these embodiments, beam-splitters can be used to
partially deflect the optical images towards the cameras. In
some embodiments, the camera system 2100 has a single
camera. In some embodiments, the camera system has a
stereoscopic camera (e.g., two cameras).

In some embodiments, when the camera system 2100 is
assembled on a standard surgical microscope, in addition to
or instead of overlaying the guidance information on an
image displayed via an HWD and/or a monitor, the guidance
information may be superimposed on the optical image
viewed through the oculars (e.g., beam-splitters may be used
to deflect the overlay images towards the oculars). In these
embodiments, the overlay images can include the guidance
information on a black background, such that only the
guidance information is superimposed on the optical image
generated by the surgical microscope, and other areas in the
overlay images do not obscure the optical image. The
overlay image (or images) can be generated based on the
image (or images) captured by the camera (or cameras) of
the camera system, for instance using the image-to-image
location matching method as described above with respect to
FIG. 5. The overlay images in these embodiments can
require a correction for allowing the overlay to be accurately
superimposed on the optical image viewed via the oculars.
The correction can be based on a predetermined alignment
between the camera and the corresponding optical image as
viewed via the ocular (e.g. that takes into consideration also
the different optical distortions of the two channels).

It should be noted that although image-to-image location
matching is described in the context of an ophthalmic
surgical microscope system, the same may be implemented
for other surgical microscope systems, such as a brain
surgical microscope system, and other surgical applications
(e.g. non-microscopic) where guidance may be used in
conjunction with live video, such as endoscopic and lapa-
roscopic surgery. In some embodiments, the image-to-image
location matching can be used for non-surgical applications,

FIG. 10 shows a block diagram of a computing device
1400 which can be used with embodiments of the invention.
Computing device 1400 can include a controller or proces-
sor 1405 that can be or include, for example, one or more
central processing unit processor(s) (CPU), one or more
Graphics Processing Unit(s) (GPU or GPGPU), FPGAs,
ASICs, combination of processors, video processing units, a
chip or any suitable computing or computational device, an
operating system 1415, a memory 1420, a storage 1430,
input devices 1435 and output devices 1440.

Operating system 1415 can be or can include any code
segment designed and/or configured to perform tasks involv-
ing coordination, scheduling, arbitration, supervising, con-
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trolling or otherwise managing operation of computing
device 1400, for example, scheduling execution of pro-
grams. Memory 1420 can be or can include, for example, a
Random-Access Memory (RAM), a read only memory
(ROM), a Dynamic RAM (DRAM), a Synchronous DRAM
(SD-RAM), a double data rate (DDR) memory chip, a Flash
memory, a volatile memory, a non-volatile memory, a cache
memory, a buffer, a short term memory unit, a long term
memory unit, or other suitable memory units or storage
units. Memory 1420 can be or can include a plurality of,
possibly different memory units. Memory 1420 can store for
example, instructions to carry out a method (e.g. code 1425),
and/or data such as user responses, interruptions, etc.

Executable code 1425 can be any executable code, e.g., an
application, a program, a process, task or script. Executable
code 1425 can be executed by controller 1405 possibly
under control of operating system 1415. For example,
executable code 1425 can when executed cause masking of
personally identifiable information (PII), according to
embodiments of the invention. In some embodiments, more
than one computing device 1400 or components of device
1400 can be used for multiple functions described herein.
For the various modules and functions described herein, one
or more computing devices 1400 or components of com-
puting device 1400 can be used. Devices that include
components similar or different to those included in com-
puting device 1400 can be used, and can be connected to a
network and used as a system. One or more processor(s)
1405 can be configured to carry out embodiments of the
invention by for example executing software or code. Stor-
age 1430 can be or can include, for example, a hard disk
drive, a floppy disk drive, a Compact Disk (CD) drive, a
CD-Recordable (CD-R) drive, a universal serial bus (USB)
device or other suitable removable and/or fixed storage unit.
Data such as instructions, code, NN model data, parameters,
etc. can be stored in a storage 1430 and can be loaded from
storage 1430 into a memory 1420 where it can be processed
by controller 1405. In some embodiments, some of the
components shown in FIG. 10 can be omitted.

Input devices 1435 can be or can include for example a
mouse, a keyboard, a touch screen or pad or any suitable
input device. It will be recognized that any suitable number
of input devices can be operatively connected to computing
device 1400 as shown by block 1435. Output devices 1440
can include one or more displays, speakers and/or any other
suitable output devices. It will be recognized that any
suitable number of output devices can be operatively con-
nected to computing device 1400 as shown by block 1440.
Any applicable input/output (I/O) devices can be connected
to computing device 1400, for example, a wired or wireless
network interface card (NIC), a modem, printer or facsimile
machine, a universal serial bus (USB) device or external
hard drive can be included in input devices 1435 and/or
output devices 1440.

Embodiments of the invention can include one or more
article(s) (e.g., memory 1420 or storage 1430) such as a
computer or processor non-transitory readable medium, or a
computer or processor non-transitory storage medium, such
as for example a memory, a disk drive, or a USB flash
memory, encoding, including, or storing instructions, e.g.,
computer-executable instructions, which, when executed by
aprocessor or controller, carry out methods disclosed herein.

One skilled in the art will realize the invention can be
embodied in other specific forms without departing from the
spirit or essential characteristics thereof. The foregoing
embodiments are therefore to be considered in all respects
illustrative rather than limiting of the invention described
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herein. Scope of the invention is thus indicated by the
appended claims, rather than by the foregoing description,
and all changes that come within the meaning and range of
equivalency of the claims are therefore intended to be
embraced therein.

In the foregoing detailed description, numerous specific
details are set forth in order to provide an understanding of
the invention. However, it will be understood by those
skilled in the art that the invention can be practiced without
these specific details. In other instances, well-known meth-
ods, procedures, and components, modules, units and/or
circuits have not been described in detail so as not to obscure
the invention. Some features or elements described with
respect to one embodiment can be combined with features or
elements described with respect to other embodiments.

Although embodiments of the invention are not limited in
this regard, discussions utilizing terms such as, for example,
“processing,” “computing,” “calculating,” “determining,”
“establishing”, “analyzing”, “checking”, or the like, can
refer to operation(s) and/or process(es) of a computer, a
computing platform, a computing system, or other electronic
computing device, that manipulates and/or transforms data
represented as physical (e.g., electronic) quantities within
the computer’s registers and/or memories into other data
similarly represented as physical quantities within the com-
puter’s registers and/or memories or other information non-
transitory storage medium that can store instructions to
perform operations and/or processes.

Although embodiments of the invention are not limited in
this regard, the terms “plurality” and “a plurality” as used
herein can include, for example, “multiple” or “two or
more”. The terms “plurality” or “a plurality” can be used
throughout the specification to describe two or more com-
ponents, devices, elements, units, parameters, or the like.
The term set when used herein can include one or more
items. Unless explicitly stated, the method embodiments
described herein are not constrained to a particular order or
sequence. Additionally, some of the described method
embodiments or elements thereof can occur or be performed
simultaneously, at the same point in time, or concurrently.

2 <

The invention claimed is:

1. A method for determining, for a point in a first image,
a matching location in a second image, the first image and
the second image are of a patient, the method comprising:

(a) receiving, via a computing device, the point having a
location in the first image;

(b) receiving, via the computing device, two feature pairs
wherein each feature pair comprises one feature loca-
tion from the first image and a matching feature loca-
tion from the second image;

(c) determining, via the computing device, a first triangle
with respect to the first image, such that the vertexes of
the first triangle are the locations of the two features of
the two feature pairs that are from the first image and
the location of the point in the first image;

(d) determining, via the computing device, a second
triangle with respect to the second image, such that two
of the vertexes of the second triangle are the locations
of each of the respective matching features of the two
feature pairs that are from the second image, and such
that the second triangle has triangle similarity with the
first triangle, yielding a location of a third vertex; and

(e) determining, via the computing device, the matching
location in the second image of the point in the first
image based on the location of the third vertex,
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wherein the first image and the second image are
selected from at least one of: a preoperative image
and an intraoperative image of the patient.

2. The method of claim 1 wherein the two feature pairs are
selected from a set of feature pairs.

3. The method of claim 2 wherein the two feature pairs are
selected based on distance of the two features of the two
feature pairs that are from the first image to the point.

4. The method of claim 1 wherein an order of the vertices
in the second triangle proceeding clockwise is the same as
the order of the respective matching vertices in the first
triangle proceeding clockwise.

5. The method of claim 1 wherein each vertex angle in the
second triangle is equal to the vertex angle of its respective
matching vertex in the first triangle.

6. The method of claim 1 wherein the images of the
patient are images of an eye of the patient.

7. The method of claim 6 wherein the images are of an
exterior eye and the feature locations are in the limbus area
of the eye in the images.

8. The method of claim 6 wherein the images are of the
retina of the eye.
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9. The method of claim 1 further comprises repeating the
method of claim 1 for each of multiple points, wherein the
multiple points are generated from guidance information
that is to be overlaid on the second image and wherein the
two feature pairs are updated for each of the multiple points.

10. The method of claim 1 further comprising:

repeating steps (b) through (d) for each of a plurality of

feature pairs to determine a plurality of corresponding
third vertex locations;

calculating an averaged third vertex location; and

determining the matching location in the second image of

the point in the first image based on the averaged third
vertex location.

11. The method of claim 1, further comprising in step (e),
setting the location of the third vertex as the matching
location in the second image of the point in the first image.

12. The method of claim 10, further comprising setting the
averaged third vertex location as the matching location in
the second image of the point in the first image.
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